classified into two types: protein or peptide -free preparations e.g., Exosurf ® 2 4 and protein peptide -containing preparations e.g., Surfaxin ® 5 7 . Indeed, the protein peptide -containing preparation is currently under investigation with the aim of developing effective treatments for NRDS and other conditions. As replacements of the lipid components in pulmonary surfactants, DPPC, phosphatidylglycerol PG , PA, and hexadecanol HD are often utilized 4, 6, 8, 9 . Further examples, such as KL 4 10, 11 , rSP-C 12, 13 , and Hel 13-5 peptides 14 16 , are also under consideration as protein or peptide mimics of natural SP-B and SP-C proteins, which are the hydrophobic proteins in pulmonary surfactants. As a biophysical function, pulmonary surfactant preparations must form a stable monolayer that can reduce the surface tension nearly to zero at the air-alveolar fluid interface during expiration 17 . The stability is also deeply related to the prevention of alveolar collapse during periods of lung compression 17 . It is widely accepted that these functions are primarily induced by phospholipids particularly DPPC in pulmonary surfactants. However, the convention-al artificial pulmonary surfactant preparation, which is contains DPPC as its main component, is considered to be prohibitively expensive for extending its application to other pulmonary diseases. In fact, the drug cost of Surfaxin ® , the first FDA-approved peptide-containing synthetic surfactant, amounts to about $700 per infant treated. Surfaxin ® is formulated as an 8.5 mL intratracheal suspension in a glass vial. According to Discovery Laboratories, Inc. PA, USA , each milliliter contains 30 mg phospholipids 22.50 mg DPPC and 7.50 mg palmitoyloleoylphosphatidylglycerol sodium salt POPG, Na , 4.05 mg PA, and 0.862 mg KL 4 . Thus, Surfaxin ® consists mainly of DPPC. Considering also the drug cost of Surfacten ® 100,000 , the syntheticsurfactant types of RDS drugs obviously have not achieved extensive cost reductions for RDS treatments. This shortcoming, related to the high production costs of DPPC, prompted our exploration for a DPPC alternative. In the present study, we targeted virus-free egg yolk phosphatidylcholine eggPC , extracted and purified from relatively less expensive egg yolk lecithin. DPPC possesses double saturated hydrocarbon chains 2C16:0 . Similarly, the fatty acid moieties in eggPC are double hydrocarbon chains, comprising combinations of both saturated and unsaturated acyl chains. Thus, we considered PA C16:0 and HD C16:0 as materials complementary to the degree of saturation in eggPC.
In a first approach, we considered two-dimensional 2D monolayers at the air-water interface to investigate the physicochemical interactions of eggPC with PA, HD, and an equimolar PA/HD mixture. The only structural difference between PA and HD is their head group; their monolayer properties are very similar. Thus, in this study, the composition of the PA/HD mixture was kept constant at a 1:1 molar ratio. Our objective was to elucidate the miscibility, interactions, and phase behaviors of the binary and ternary mixtures. The interfacial behaviors of eggPC with PA, HD, and their equimolar mixture in the monolayer state were evaluated by surface pressure π -molecular area A and surface potential ΔV -A isotherms on 0.15 M NaCl at 298.2 K. The excess Gibbs free energy of mixing was calculated from the isotherm data, and a 2D phase diagram was constructed from the monolayer collapse pressures. In addition, the phase behaviors for the monolayers upon compression were examined using in situ fluorescence microscopy FM .
EXPERIMENTAL

Materials
Egg yolk lecithin PC-98N 98 phosphatidylcholine; virus-free; lot# AT2002 , abbreviated as eggPC, was a gift from the Kewpie Corporation Fine Chemical Division Tokyo, Japan . n-Hexadecanoic acid also known as pal-mitic acid PA ; 99 was purchased from Sigma-Aldrich Co. St. Louis, MO . 1-Hexadecanol palmityl alcohol HD ; 99 was obtained from nacalai tesque Kyoto, Japan . 3,6-Bis diethylamino -9-2-octadecyloxycarbonyl phenyl chloride R18 from Molecular Probes Inc. Eugene, OR was employed as a fluorescent probe. These lipids were used without further purification. n-Hexane 98.5 and ethanol 99. 5 were purchased from Merck Uvasol ® , Darmstadt, Germany and nacalai tesque, respectively. A 9:1 v/v n-hexane/ethanol mixture was used as a spreading solvent. Sodium chloride nacalai tesque was roasted at 1023 K for 24 h to remove all surface-active organic impurities. The substrate solution was prepared using thrice-distilled water surface tension 72.0 mN m 1 at 298.2 K; electrical resistivity 18 M cm .
Methods
Surface pressure-area isotherms
The surface pressures π of the monolayers were measured using an automated homemade Wilhelmy balance. The surface pressure balance Mettler Toledo, AG-64 had a resolution of 0.01 mN m 1 . The pressure-measuring system was equipped with filter paper Whatman 541, periphery 4 cm . The trough was made from Teflon ® -coated brass area 750 cm 2 , and Teflon ® barriers both hydrophobic and lipophobic were used in this study. Surface pressure π -molecular area A isotherms were recorded at 298.2 0.1 K. Stock solutions of eggPC 1.3 mM , PA 1.3 mM , and HD 1.3 mM were prepared in n-hexane/ethanol 9:1 v/v . The spreading solvents were allowed to evaporate for 15 min prior to compression. The monolayer was compressed at a speed of 0.10 nm 2 molecule 1 min 1 . The standard deviations SD for molecular surface area and surface pressure were 0.01 nm 2 and 0.1 mN m 1 , respectively 14, 18, 19 .
Surface potential-area isotherms
The surface potential ΔV was recorded simultaneously with surface pressure, when the monolayer was compressed and expanded at the air-water interface. It was monitored with an ionizing 241 Am electrode at 1 2 mm above the interface, while a reference electrode was dipped in the subphase. An electrometer Keithley 614 was used to measure the surface potential. The SD for the surface potential was 5 mV 20, 21 .
Fluorescence microscopy FM
Fluorescence microscopic U.S.I. System BM-1000 observations and compression isotherm measurements were carried out simultaneously. A spreading solution of the surfactants was prepared as a mixed solution doped with 1 mol fluorescence probe R18 . A 300 W xenon lamp XL 300, Pneum was used for the excitation of the FM probe. Excitation and emission wavelengths were selected by an appropriate beam splitter/filter combination Mitutoyo band path filter 546 nm; Olympus cut filter 590 nm . The monolayer was observed using a 20-fold magnification of a long-distance objective lens Mitutoyo, f 200/focal length 20 mm . Fluorescent micrographs were recorded with a video camera 757 JAI ICCD camera, Copenhagen, Denmark connected to the microscope, directly into computer memory via an on-line image processor VAIO PCV-R53 Sony, Video Capture Soft . The entire optical setup was placed on an active vibration isolation unit model-AY-1812, Visolator, Meiritz Seiki Co. Ltd., Yokohama, Japan 22, 23 .
RESULTS AND DISCUSSION
π-A and ΔV-A isotherms
The surface pressure π -molecular area A and surface potential ΔV -A isotherms for the two-component eggPC/ PA and eggPC/HD systems and for the three-component eggPC/ PA/HD 1:1 mol/mol system on 0.15 M NaCl at 298.2 K are shown in Fig. 1 . Note that eggPC is highly purified lecithin made from fresh egg yolk, but is a molecular species containing the following fatty acid moieties: 32.0 C16:0, 1. . The collapse pressure π c of the eggPC monolayer was 46 mN m 1 at 0.52 nm 2 . The extrapolated area of highlypacked states on the π-A isotherm was 0.75 nm 2 , partially a result of the low packing because of the unsaturated hy-drophobic chains. PA curve 7 in Fig. 1A formed a liquidcondensed LC monolayer with π c 56 mN m 1 0.16 nm 2 . In addition, the PA monolayer had a transition from the LC state to the solid state at 20 mN m 1 . A limiting molecular area or extrapolated area of PA monolayers was 0.19 nm 2 , which was based on the cross-sectional area of the saturated aliphatic chains C16:0 . The isotherm of the PA monolayers agreed well with previously reported data 24, 25 . In the binary eggPC/PA system Fig. 1A , the π-A isotherms shifted to smaller areas with increasing molar fractions of PA X PA . A plateau region near the π c of the eggPC monolayers was observed at X PA 0.7 curve 5 and 0.9 curve 6 . At the plateau, eggPC monolayers were considered to be collapsing and becoming other three-dimensional states such as bilayers and multilayers. Then, the isotherms underwent a second monolayer collapse near the π c of the PA monolayers upon further compression. This behavior suggested the immiscibility of the eggPC and PA, which will be discussed in more detail later. The surface potential ΔV value corresponds to a dipole moment in the direction of a surface normal for monolayer-forming molecules. That is, the value reflects the monolayer orientation upon compression. All the compounds used in the present study are typical hydrocarbons rather than fluorocarbons. Thus, herein, a positive increment in ΔV indicates an improvement of the monolayer orientation and packing upon compression. The ΔV-A isotherms exhibited sharp jumps of 130 220 mV in the vicinities of the onsets of the corresponding π-A isotherms, where π values began to increase from zero. The magnitude of the jump decreased gradually with increasing X PA . The ΔV jump at small X PA indicated the transi- tion from the gaseous to the LE phases, whereas, at large X PA , it reflected the transition from the gaseous to the LC phases. As for the ΔV jump at middle X PA , the transition from the gaseous to the coexistent LE/LC phases was considered to have occurred. This transition was morphologically revealed by fluorescence microscopy vide infra . After the transitions, the ΔV value increased monotonously upon compression and then retained almost constant values above each π c . The maximum ΔV values at the closepacked state apparently did not change linearly against X PA . This positive variation in maximum ΔV value suggested that orientation of the lowly packed eggPC monolayers was enhanced by the addition of PA molecules. As seen in Fig. 1B , HD curve 7 formed a typical LC monolayer with π c 55 mN m 1 0.17 nm 2 . Its limiting area was 0.19 nm 2 . In comparison to the PA monolayers curve 7 in Fig. 1A , HD was found to easily form a more condensed monolayer in the slope and the onset of its π-A isotherm. This resulted from the structural difference in the head groups of PA and HD. It was very clear that the carboxyl group of PA was partially dissociated under the experimental conditions subphase pH 6 26 . Therefore, an electrostatic repulsive force among the carboxylate ions disturbed the packing of the PA hydrocarbon chains upon compression. In contrast, the HD head group is a hydroxyl group, and thus, HD monolayers can be more ordered. An equimolar mixture of PA and HD curve 7 in Fig. 1C also formed LC monolayers with π c 53 mN m 1 0.17 nm 2 . The π -A isotherm for the equimolar PA/HD monolayer resembled that for HD curve 7 in Fig. 1B , while the ΔV-A isotherm was similar to that for PA curve 7 in Fig. 1A . As for the binary eggPC/HD Fig. 1B and ternary eggPC/ PA/ HD systems Fig. 1C , the π-A isotherms shifted to smaller areas with increasing molar fractions of HD X HD or the PA/ HD mixture X PA/HD . Similarly to the eggPC/PA system, plateau regions were observed at X HD or X PA/HD 0.7 curve 5 and 0.9 curve 6 . Therefore, it is suggested that eggPC was also immiscible with HD and the PA/HD mixture. In the case of the ΔV-A isotherms, a similar behavior to the eggPC/PA system was observed in Figs. 1B  and 1C . However, the decrease in the degree of the ΔV jump against X HD or X PA/HD was not as large compared to the eggPC/PA system. On the contrary, the jump in ΔV-A isotherms at X HD and X PA/HD 0.9 curve 6 became larger in magnitude, approaching the degree of the ΔV jump for HD and the PA/HD mixture, respectively. This recovery did not occur for the monolayer at X PA 0.9 curve 6 in Fig. 1A , which may be interpreted as the orientational disturbance originating from the repulsive interaction among the carboxylate groups of the PA molecules.
Excess Gibbs free energy
The π -A isotherms for the present systems Fig. 1 can be also analyzed from a thermodynamic perspective in terms of excess Gibbs free energy of mixing . The value is calculated from the following equation Eq.
where A i and X i are the molecular area and molar fraction of component i, respectively, and A 12 is the mean molecular area in the binary or ternary monolayer. For identical interactions between the two components, the value of is zero, which means that they are ideally mixed in the mono- layer or that they are immiscible 28, 29 . A negative deviation from ideality indicates an attractive interaction between two components. The variations of for the eggPC/PA, eggPC/HD, and eggPC/ PA/HD monolayers against X PA , X HD , and X PA/HD at representative surface pressures are shown in Fig. 2 , respectively. In the binary eggPC/PA system Fig. 2A , the value decreased with increasing surface pressure. Notably, the values at X PA 0.1 reached approximately 390 J mol 1 as a minimum at 40 mN m 1 . This behavior suggested that the attractive force between eggPC and PA increased upon compression, and their affinity reached a maximum at X PA 0.1. On the other hand, the minimum values were about 280 J mol 1 at X HD 0.5 for eggPC/HD Fig. 2B , and about 240 at X PA/HD 0.1 and 250 J mol 1 at X PA/HD 0.5 for eggPC/ PA/ HD Fig. 2C at 40 mN m 1 . The structural difference in the head groups between PA and HD was found to be finely expressed in the behavior against the molar fractions. Considering the immiscibility of the present systems described above, the values should be nearly zero or exhibit positive deviations irrespective of molar fractions and surface pressures. However, the results in Fig. 2 suggested monolayer miscibility for these systems. This can be accounted for by the nature of the eggPC acyl chain components. In terms of chemical structures, PA and HD can interact preferentially with certain components e.g., C16:0 in eggPC because of similarities in hydrocarbon chain lengths. Indeed, it has been reported that both PA and HD form highly ordered, nearly crystalline structures with DPPC over a wide range of PA or HD fractions 25, 26 . Lee et al. reported that the addition of PA or HD to DPPC monolayers led to the change from tilted to untilted mono-layer packing because of the significantly large correlation in hydrophobic chain lengths 25 . Thus, we speculated that the behavior indicated partial miscibility in the present systems. The specific interaction with the component in eggPC was also observed morphologically via in situ fluorescence microscopy vide infra .
Two-dimensional phase diagrams
For the three systems under investigation, a 2D phase diagram at 298.2 K was constructed by plotting the π c values against the molar fractions Fig. 3 . The monolayers at X PA , X HD , and X PA/HD 0.7 and 0.9 had two π c values. As mentioned above, the first π c corresponded to the π c value for eggPC monolayers and the second was attributed to the π c values for the PA, HD, and the PA/HD monolayers. Typically, this kind of phase diagram expresses the immiscibility of the components, through the near absence of variation of π c values against molar fractions 30, 31 . In the present study, however, the second π c changed slightly with decreasing molar fractions; the second π c values at X PA 0.7 and X HD 0.7 decreased by 2 mN m 1 , and at X PA/HD 0.7, it increased by 3 mN m 1 compared to that of PA, HD, and the PA/HD monolayers. This was also believed to result from the specific interaction of PA and HD with components e.g., C16:0 of eggPC. Figure 4 shows FM images for the PA, HD, and equimolar PA/HD monolayers in situ at the air-water interface. For the FM observations, the monolayers contained a small amount of fluorescent probe 1 mol R18 . Typically, the fluorescent probe selectively dissolves in the disordered phases of the monolayers. Bright and dark contrasts in the FM image respectively correspond to disordered and ordered phases. For the PA monolayers, the coexistence of a gaseous bright phase and the surface dark, not covered by monolayers was observed over large molecular areas, such as 0.65 nm 2 . As the monolayer was compressed until π 0.1 mN m 1 , the bare surface region grew steadily smaller in size and then disappeared data not shown . After this disappearance, a similar coexistence emerged again near the onset of the π-A isotherm see the picture at 1 mN m 1 . In the image, however, the dark area was assigned to the LC phase because the dark contrast grew in size with surface pressure increases from 1 to 10 mN m 1 . Further compression resulted in a homogeneous dark image at 20 mN m 1 , which corresponded to the transition to the solid phase. This agreed well with the explanation of the π-A isotherm Fig. 1A . In the HD monolayers, the coexistence of gaseous and LC phases was observed with unclear contrast at 0.30 nm 2 . With further compression to 1 mN m 1 , the images became homogeneously dark, and were assigned to the LC or solid phases. The dark images were observed from 1 mN m 1 until monolayer collapse. These results supported the formation of more condensed monolayers by HD than PA. In the case of the PA/HD mixture, the unclear coexistence images continued to be observed until 3 mN m 1 , and then, they varied to the homogeneous dark image upon further compression. The FM image for single eggPC monolayers was optically and homogeneously bright over the entire range of surface pressures data not shown because eggPC forms a typical LE monolayer under the present conditions. Shown in Fig. 5 are the FM images for the binary eggPC/ PA monolayer. The monolayer in the range of 0 ≤ X PA ≤ 0.3 exhibited homogeneous bright images at all surface pressures data not shown . Further addition of PA to eggPC monolayers generated coexistent dark and bright contrasts at X PA 0.5 at 30 mN m 1 . The state of coexistence was apparently different from the above-mentioned phase states. Assuming that the coexistence comprised the gaseous/LC phases, the domain shape with dark contrast should be round because of the complete immiscibility of the two phases and the minimization of contact areas between them. Moreover, the surface pressure was too high for the gaseous/LC transition. In the present case, however, the domain was somewhat flower-or leaf-shaped. Furthermore, the domain grew in size with increasing surface pressure. This phenomenon has often been observed for a first-ordered phase transition from the LE to the LC states for typical monolayers such as dipalmitoylphosphatidylcholine and myristic acid 32, 33 . A possible explanation of this phenomenon is that a component e.g., C16:0 in eggPC was miscible with PA because of the similarity in hydrocarbon chain lengths, and thus, the domain shape varied. The miscibility of eggPC and PA was also supported by the fact that the surface pressure for the emergence of such states of coexistence changed against X PA see the images at X PA 0.5 and 0.7 . If the miscibility conflicted with the mor-phological behavior, the surface pressure of emergence should have remained constant regardless of X PA . At X PA 0.9, the images indicated a behavior similar to PA monolayers Fig. 4 . To our knowledge, there are no reports on the present phenomenon for typical two-component systems of LE and LC monolayers. Generally, it is widely accepted that LE and LC monolayers are immiscible. The in situ morphology for the binary eggPC/HD monolayer is shown in Fig. 6 . As the amount of HD increased, the emergence of LC domains in the LE region occurred at X HD ≥ 0.3. The emergence was induced by the incorporation of smaller amounts of HD compared to the eggPC/PA system. This suggests the more preferable interaction of a certain component e.g., C16:0 in eggPC with HD. The surface pressure of emergence decreased with increasing X HD . The LC domain at X HD 0.3 and 0.5 grew larger as the surface pressure increased. The domain shape at X HD 0.5 resembled those of myristic acid monolayers 33 . It is generally well known that domain formation is controlled by the balance of the line tension at the boundary between the LE and LC domains and the long-range dipole-dipole interac- tion among LC domains 34 . For example, miscibility between the two components changes the composition in LC domains, which results in variation of the line tension. Thus, the variation in domain shape also supported the miscibility between the components. In contrast, the state of coexistence at X HD 0.7 was observed below a surface pressure of zero at A ≥ 0.55 nm 2 . In addition, the LC domain did not grow in size, irrespective of the increase in surface pressure, and its appearance was round rather than leaf-shaped. This is the case of typical immiscible or phase-separated behavior. A similar morphology was observed even at X HD 0.9, where the phase mode resembled that of HD monolayers.
In situ FM observations
In the case of the ternary eggPC/ PA/HD system Fig.  7 , the phase behavior was similar to the eggPC/HD system Fig. 6 rather than the eggPC/PA system Fig. 5 , in terms of the molar fractions where LC domains appeared in the LE region and of the phase-separated morphology observed at high molar fractions. Interestingly, as opposed to the binary systems, a fusion of LC domains occurred at X PA/HD 0.7 30 and 40 mN m 1 and 0.9 20 mN m 1 , which are indicated by white arrows in the figure. This phenomenon indicated that the phase separation was secondarily enhanced even in the immiscible FM pattern. The domain fusion may be driven by a synergistic effect of PA and HD. Nevertheless, it is suggested that eggPC was partially miscible with PA, HD, and their equimolar mixture within a monolayer.
CONCLUSION
PA, HD, and the equimolar mixture of PA/HD were partially miscible with eggPC in the binary and ternary monolayer states. In a strict sense, they are considered to interact favorably both thermodynamically and morphologically with certain components containing fatty acid moieties, such as C16:0 in eggPC. The 2D phase diagrams were constructed by plotting the surface pressures of monolayer collapses against X PA , X HD , and X PA/HD . The monolayers at molar fractions of 0.7 and 0.9 showed two collapse pressures on the π -A isotherms; the first corresponded to the collapse of eggPC monolayers and the second was for the other component. That is, the phase diagram obtained herein reflected the case of immiscible patterns. Notably, the second collapse pressure varied slightly against the molar fraction. In addition, the excess Gibbs free energy of mixing for the present system was calculated on the basis of the additivity rule. The Gibbs energy for all the systems indicated negative variations with increasing surface pressures at several molar fractions, which implied partial miscibility. FM observations of the phase behavior for the current monolayers morphologically supported partial miscibility on the micrometer scale. Generally, a two-component system of LE and LC monolayers produces an FM image showing phase separation, where LC domains with round shapes float in LE regions at the air-water interface.
In the present systems, however, miscible morphological patterns were clearly observed over limited molar fractions 0.5 ≤ X PA ≤ 0.7 for eggPC/PA, 0.3 ≤ X HD ≤ 0.5 for eggPC/HD, and 0.3 ≤ X PA/HD ≤ 0.5 for eggPC/ PA/HD : the size growth of LC domains with an increase in surface pressure and the emergence of flowerlike or leaf-like LC domains. At large molar fractions, FM images exhibited phase-separated morphologies which corresponded to the immiscibility of two components 0.7 X PA 1 for eggPC/PA, 0.5 X HD 1 for eggPC/HD, and 0.5 X PA/HD 1 for eggPC/ PA/HD . The similarity in the hydrocarbon chain lengths among PA, HD, and the eggPC components with saturated hydrocarbons for example, C16:0 induces the slight affinity for the systems described herein.
